The effects of antibiotics on Escherichia coli during exponential growth in liquid medium were monitored by flow cytometry measuring cellular DNA content and cell size of individual cells in large numbers as well as cell counts. A statistically significant increase in cellular DNA as well as size was recorded after 20 and 40 min of incubation with the MIC of ampicillin and mecillinam, respectively. The optical density (ODMOW.) of treated cultures continued to increase for at least 80 minutes, showing that the increase in cellular DNA and size reflected continued growth and elongation of cells coupled with inhibition of cell division, the latter being confirmed by the cell counting. Since fixation, staining and flow-cytometric analysis can be carried out within a few minutes, the present results suggest that flow cytometry may have potential as a rapid and quantitative technique that can be automated for clinical and experimental susceptibility testing of antibacterial drugs.
Introduction
Laboratory diagnosis of infection by traditional methods is a time-consuming process, since it requires a sufficient number of cell divisions to allow visible colonies or turbidity to develop. In practice, identification and the subsequent susceptibility testing of the isolate require at least 24 h. In some cases this may lead to a corresponding delay in appropriate treatment of patients. Perhaps more important, the traditional agar assays, which are still the most common antibiotic susceptibility test, require skilled personnel, are laborious, tedious and thus expensive, while difficult to automate and at best semi-quantitative.
Flow cytometry is a technique based upon multi-parameter measurements of individual cells. The parameters may be light scatter, which reflects cell size and structure, and fluorescence which may reflect content of DNA or specific proteins, enzyme activities, or membrane potential, depending on the fluorescent probe being used. The flow cytometer can measure cells at a rate of several thousand per second and with a precision of a few per cent. Sensitivity of some instruments is sufficient to detect in the order of 1000 molecules/cell and cell sizes to below 0.5 /im, making measurement of bacterial DNA content as well as other cellular components quite feasible. Since extracellular dye does not add to the cellular fluorescence signal, cells can be measured while they are still in dye solution, i.e. without washing. This in turn leads to reduction in loss of dye from the cells as a result of the washing procedure and shortens preparation time significantly. Furthermore, flow cytometry has a potential for automation.
The technique has contributed significantly to the understanding of the bacterial cell cycle (Skarstad, Steen & Boye, 1985; Skarstad, Boye & Steen, 1986; Steen, 1990*) . Flow cytometry has also facilitated detection and identification of microorganisms which are not possible to cultivate, both within aquatic ecology and from soil (Troussellier, Courties & Vaquer, 1993; Vesey et al., 1994) .
Though flow cytometry also has a potential for analysis of medically-important bacteria, it has yet to enter routine clinical use. Only a few articles of clinical interest dealing with flow-cytometric detection, identification, and susceptibility testing of bacteria have been published (Martinez et al., 1982; Steen, Boye & Skarstad, 1982; van Dilla et al., 1983; Mansour et al., 1985; Cohen & Sahar, 1989; Delville et al., 1991; Allman et al., 1992; Gant et al., 1993; Gottfredsson et al., 1993; Ordonez & Wehman, 1993; Jernaes & Steen, 1994; Mason et al., 1994; Pore, 1994) . Steen et al., (1982) demonstrated that antibiotic action against Escherichia coli could be detected by means of flow cytometry within 10-30 min of the addition of the drugs. However, the drug concentrations used were much above the minimum inhibitory concentration (MIC). In 1989 Cohen & Sahar showed that amikacin susceptibility of clinical isolates from wounds and exudates could be detected within one hour of drug addition. More recently, articles dealing with several antibiotics in clinically relevant concentrations have been published (Martinez et al., 1982; Gant et al., 1993; Gottfredsson et al., 1993; Ordonez & Wehman, 1993; Mason et al., 1994) . DNA-specific dyes as well as dyes monitoring membrane potential have been used in these studies.
Materials and methods

Materials
Ampicillin (Astra, Sodertalje, Norway), mecillinam (Leo, Copenhagen, Denmark), ethidium bromide (Sigma, MO, USA), mithramycin (Pfizer, NY, USA), and tris buffer (Gibco, MD, USA) were used. Wild type E. coli (ATCC 25922) was maintained on lactose nutrient agar and stored at 4°C. Luria tryptone yeast extract broth (Difco) pH 7.1 and including 0.2% glucose, was prepared according to Sambrook et al. (1989) .
MIC determination
The MIC of each antibiotic was determined for every experiment by the broth dilution method using serial two-fold dilutions in Luria broth (LB). The MIC of ampicillin was found to be 5 mg/L and of mecillinam 1.3 mg/L.
Growth and antibiotic exposure
Prior to each experiment one E. coli colony was transferred to pre-warmed LB medium in aerated bottles and shaken at 37°C until exponential growth, indicated by an optical density (ODaoom.) of 0.2, was reached. The culture was then diluted 50-fold into 200 mL of pre-warmed LB medium and allowed to multiply further. At OD^o™ of 0.06, 20 mL aliquots were transferred into pre-warmed shaking bottles, and the antibiotics were added to give the desired final concentration. The bottles were then incubated as before and 100 /iL samples of the antibiotic-exposed cultures were withdrawn at the appropriate times for OD^o,™ and flow cytometric analysis. ODeoonm was measured using a Shimadzu spectrophotometer (Shimadzu, Japan).
Bacterial fixation, staining and counting
Following exposure to antibiotics, the 100 /iL samples were immediately mixed into 500 [*L of ethanol (84%) on ice. It should be noted that cells may be stored at 4 C C in ethanol (70%) for weeks without affecting DNA content or light scattering although they are fully permeabilized and stainable a few minutes after exposure to the ice-cold ethanol. In the present experiments cells were left overnight at 4°C for practical reasons. The cells were then washed in 10 mM Tris buffer (pH 7.4) containing 10 mM MgCh, and stained with the DNA-specific dye combination of mithramycin (100 mg/L) and ethidium bromide (20 mg/L) in the same buffer. Washing of the cells was performed by pelleting at 15000 rpm for lOmin, resuspending in 500//L of the tris buffer, repelleting and resuspending in 100 ^L of tris buffer and an equal volume of the dye solution. 1-2 x 10 4 cells of each sample were analysed in the flow cytometer at a typical rate of 500-1000 cells/sec.
Flow cytomelry
The fluorescence and light scatter were measured on an Argus 100 flow cytometer (Skatron A/S, Norway) equipped with a 100W Osram mercury arc lamp (Nelex Elektronikk, Oslo, Norway). The excitation wavelength band was 400-440 nm while fluorescence was detected from 470 nm upwards (B r filter block). Low-angle and high-angle light scatter were measured by separate detectors. All parameters were detected on a linear scale. The measurements were gated by the low-angle light scatter, the threshold of which was set to eliminate particles of cellular debris smaller than intact cells. At the beginning and end of each experiment monodisperse fluorescent polymer beads of diameter 1.5 /im (Bio-Rad, Hercules, CA, USA) were used to standardize the measurement. The instrument employs volumetric sample injection from a step motor-driven 100/iL precision syringe which facilitates direct measurement of the number of cells per unit volume of sample. Sheath pressure was 0.7 kg/cm 2 . The number of cells measured is represented by the area of the respective histogram peak. Thus, cell density was determined from this number, the rate of sample injection and the duration of the data acquisition.
Under these conditions the fluorescence is a measure of the cellular DNA content (Skarstad, Steen & Boye, 1983) . The low-angle light scatter may be taken primarily as a measure of cell size, while the high-angle light scatter depends to a larger degree on granularity and refractive index and is therefore more closely related to cellular dry weight (Steen, 1990a) .
Statistical analysis
The significance of difference between curves corresponding to different values of the concentration, was evaluated by performing a linear regression of the outcome of each concentration vs the average over all concentrations at all time points. The significance of mutual differences was assessed by Mests, using the regression coefficients and their standard errors. 
Results
From the fluorescence and light scatter traces (Figures 1 and 2 ) for cells exposed to mecillinam and ampicillin at the MIC it may be seen that after 30 min there was already a noticeable increase in fluorescence, i.e. cellular DNA content, as well as of light scatter, i.e. cell size and dry weight. Also, with increasing time more counts accumulated in the very lowest channels of the histograms, representing debris from disintegrating cells (Figures l(a) and 2(a)-(c) ). At higher drug concentrations, disintegration of cells was even more distinct, leaving the majority of cells as debris on the left of the charts (data not shown).
The fluorescence and light scatter of control cells decreased slowly with time (Figures 3(b)-{d) and 4(b)-(d) ), although the culture was still in exponential growth according to the 0D«»nm measurement (Figures 3(a) and 4(a) ). This reduction reflects a decrease in the cellular DNA content and cell size, perhaps caused by depletion of nutrients in the growth medium (Skarstad et al., 1983; Steen, 19906) .
From the median values of fluorescence and low-and high-angle light scatter (Figures 3(b) -(d) and 4{b)-(d)), which were calculated from the corresponding traces, a statistically significant increase in these parameters could be detected 20-40 min after addition of the drugs at the MIC and higher concentrations, the onset of this increase appearing somewhat earlier with ampicillin. This increase reflects the continued DNA and protein synthesis in cells unable to complete division (Figures 3(b) and 4(b) ). Thus, for these cells both fluorescence and light scatter doubled within about 60 min of drug addition compared to the control cells, while the cell number remained constant. With the highest concentrations of the drugs the deviation from the control grew to about five-fold within 120 min. Even 1/4 MIC of mecillinam had a significant effect on fluorescence and light scattering, whereas no such effect was apparent for the corresponding concentration of ampicillin.
The ratio of low-angle and high-angle light scatter, which may be taken as an indicator of the ratio of cell size to dry weight, increased significantly in drug-treated cells ( Figure 5 ). This increase, which is seen for both drugs, is consistent with the inhibition of cell wall synthesis, leading to a thinning of the wall and a correspondingly lower relative dry weight. Note that for mecillinam there was a noticeable effect at 1/4 MIC.
Untreated control cells had a OD^o™ doubling time of about 23 min as calculated from the slope of the curve in Figure 3(a) . The OD^o,™ doubling time of cells exposed to mecillinam was similar to that of the control cells until 80 min after drug addition. After this time, the OD^,™ of drug-treated cells levelled off compared to the control cells. This was the case for all concentrations of the antibiotic, although the effect increased with the concentration. After 80 min in 1/4 MIC mecillinam, the doubling time had increased 50% compared to the control. For cells incubated with high concentrations of ampicillin, i.e. 2.5 and 4 MIC, ODaxmm levelled off about 60 min after drug addition and subsequently declined (Figure 4(a) ), indicating substantial cell death and decomposition, which was substantiated by microscopy. There was, however, no significant difference between the OD^,™. data for untreated control cells and cells exposed to low ampicillin concentrations, i.e. 1/4 and 1 MIC, within the present drug exposure time.
Relative cell count plotted against time yields a cell doubling time of 16 min, as compared to 23 min calculated from the measurements of ODeoonm (Figures 3 and 4(e) and (a), respectively). This difference is due to the decreasing cell size during exponential growth, which is partially compensating for the increase in cell number. The difference between the plots of ODMOIW. and cell count, especially for ampicillin at the MIC (Figure 4(a) and (e) 
Discussion
A few of the articles describing the use of flow cytometry in susceptibility testing have demonstrated a dose-dependent response. Martinez et al. (1982) described the effects of various concentrations of several /Mactams on E. coli. Ordonez & Wehman (1993) showed a dose-dependent penicillin response in S. aureus in a study showing that penicillin and methicillin susceptibility could be detected within about 90 min.
We have attempted to improve the quantitative basis of the method by measuring the effects of antibiotics as functions of drug concentration over a clinically relevant range and as functions of the duration of exposure to drug. Our results show that each of the four independent parameters measured here, i.e. DNA-associated fluorescence, low-and high-angle light scatter and cell number, provides statistically significant detection of the effects of mecillinam and ampicillin at the MIC values after 20-30 min of incubation, and thereby confirms that this technique has a potential for routine testing of clinical bacterial samples. By combining the data of these parameters the statistical significance can probably be improved further. For example, the ratio between low-and high-angle light scatter may prove a more sensitive indicator of response than any of the individual parameters ( Figure 5 ). These results are in accordance with work of Gant et al. (1993) who assessed the effects of various antibiotics with widely different modes of action on E. coli. They demonstrated changes in both light scatter and fluorescence after 3-6 h of incubation with ciprofloxacin, mecillinam, ampicillin, gentamicin, and cefotaxime at the MICs. Fluorescence in their experiments was measured only after 6 h of drug incubation and a 15 min period of staining with the DNA-binding fluorescent dye propidium iodide. Since it is well known that many Gram-negative bacteria, including E. coli, harbour efflux activity towards dyes like propidium iodide (Midgley, Iscander & Dawes, 1986; Jernaes & Steen, 1994; Lewis, 1994 ) the possibility that the fluorescence intensity measured in that study may have been influenced by efflux of the probe, cannot be excluded, and it may therefore have represented the combined result of net membrane permeability and cellular DNA content. In the present work, where the cells were metabolically inactive and fully permeabilized by ethanol fixation, the fluorescence can be taken as a measure of DNA. Fluorescent probes monitoring membrane potential have also been used to detect the effect of antibacterial drugs. Mason et al. (1994) observed an effect on membrane potential within 30 min of addition of ampicillin, gentamicin and ciprofloxacin.
Our data confirm that under the present conditions drug response can be detected by light scatter alone, a fact also pointed out by others (Gant et al., 1993; Mason et al., 1994) . This finding has interesting implications. It shows that at least with the drugs tested here, flow-cytometric antibiotic susceptibility testing may be carried out without staining of the cells. This means simpler sample preparation, possibly eliminating also the fixation step with associated washing, and therefore an even faster assay. Elimination of fixation and washing would also reduce cell loss and thus improve the precision of the cell counting. It should be cautioned, however, that in some clinical samples it may prove difficult to distinguish the light scatter of bacteria from that of the large amounts of debris that may be present. Thus, measurement of DNA-specific fluorescence to discriminate between cells and other particulate material may prove to be necessary. In this connection it is interesting to note that by exposing vital bacteria to a combination of cold shock and EDTA, staining of their DNA with dyes such as ethidium bromide can be carried out without fixation and staining (Jernaes & Steen, 1994 ). We have succesfully tested an assay based on such a procedure for several antibiotics (data to be published.). This method would shorten the total duration of the assay, from the time of withdrawal of sample to completion of a full flow-cytometric analysis, to less than 5 min.
The present results are in accordance with the known modes of action of ampicillin and mecillinam. These drugs affect formation of the bacterial cell wall by binding to penicillin binding proteins (PBPs). The difference between the two sets of results (Figures 1 and 2) clearly reveals the different modes of action for the two drugs. Inhibition of PBP 2, which is the target of mecillinam, leads to formation of spheroids. The effect of ampicillin is formation of filaments since this drug binds to PBP 3 which is required for septum formation during cellular division. As long as the cells remain vital, synthesis of DNA and intracellular proteins will continue, leading to the continued increase in DNA-associated fluorescence and light scatter. With increasing drug exposure time and concentration cells will eventually disintegrate producing a decline of ODSOODII. and an increasing amount of debris which is revealed by counts in the lowest channels of the flow-cytometric traces. It is interesting to note that, ampicillin in contrast to mecillinam, produced a significant ratio between low-angle and high-angle light scatter indicating an increase in cell volume relative to dry weight.
According to the present data, sub-MIC values of mecillinam lead to arrest of cell division (Figure 3(e) ), although this effect was obviously temporary since this concentration of the drug did not prevent the development of turbidity in overnight cultures. Cellular DNA concentrations and light scatter were also affected ( Figure  3(b)-(d) ), and this is in good agreement with the observations of Martinez el al. (1982) who found a dose-dependent response in E. coli after exposure to sub-MIC concentrations of cefamandole, cefazolin, and latamoxef.
The ODsDOnm measurements of cell suspensions detect changes in sample turbidity due to light scatter, which is the product of cell size, cell refractive index (which is roughly proportional to dry weight), and the cell density. However, the actual measurement is of the light which is not being scattered and hence passes undisturbed through the cuvette, and an average value for all of the particulate contents of the sample is therefore recorded. Hence, an increase in cell number may be offset by a reduction of cell size. Thus, the apparent lack of drug effects seen in the ODfaonm plot (Figures 3 and 4) is due to the fact that increase of ODMOQOI of the control resulting from rapidly increasing cell numbers is matched by the growth of cell size in drug-treated samples, until disintegration of these cells eventually causes ODeoonm to level off and subsequently decline (Figure 4(a) ). In contrast, flow cytometry measures the light scatter of individual cells and therefore distinguishes between cell size and cell numbers as separate parameters.
An interesting aspect of the data is the cell numbers. The cell doubling time determined from flow cytometric measurements is considerably below that calculated from the measurements of OD^nm (Figures l(a) , (e) and 2(a), (e)). This observation can be explained by the relative decrease in bacterial cell size even during the exponential phase of growth, which partly offsets the increase in cell density (Skarstad el al., 1983; Steen, 1990*) .
The present study demonstrates that flow cytometry may provide a fast and accurate method for assessing antibiotic susceptibility of bacteria. From a clinical point of view, the value of reduced processing time for such assays has been disputed (Isenberg & Damato, 1984) , although in some cases of severe systemic infection, rapid sample processing is obviously vital. The flow cytometer may also make drug screening more efficient, partly because it has a large capacity in terms of the number of samples that can be analysed, and partly because the parameters that are measured may provide information on the mode of action of the drug. Moreover, a flow cytometric assay lends itself to automation. Thus, at least from a logistic and economic point of view, the potential of flow cytometry for antibiotic susceptibility assessment warrants further studies of its feasibility.
